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CHAPTER I
INTRODUCTION

Since the middle of the 19th century attempts have been made to
measure the ozone content of the atmosphere.

The problem is very diffi

cult since the normal concentration by volume at sea-level is of the
order of 10

—8

.

Only comparatively recently have ozone measurements

been recognized as a valuable tool for the study of atmospheric circu
lation.

One of the reasons for their value may be seen -when it is

considered that ozone is formed aloft and that it is rapidly destroyed
by chemical reaction after it has been transported to the surface.
Ozone is formed by a

photochemical

solar ultraviolet radiation below 2000 £.

reaction between oxygen and
The ozone-forming ultra

violet is completely absorbed before reaching the lower layers of the
atmosphere.

Investigations of ozone concentration as a function of

height have indicated that the concentration increases to a maximum
at about 25 km.

The fact that appreciable diurnal variations in

surface ozone have been measured indicates that the rate of transport
downward varies d i u m a l l y and that destruction near the surface is
appreciable.
It is the primary purpose of this thesis to describe the method
used for measuring ozone at the earth’s surface.

There is also a report

on a brief series of surface ozone measurements.

An attempt is made at

a preliminary explanation on the basis of meteorological conditions of
the diurnal variations which were found.
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CHAPTER II
METHODS OF OZONE MEASUREMENT

A.

Reg®fterfs Chemical Method

The manual chemical method for measuring ozone developed by
V. H. Regener^" was used in this study.

While the theory of this method

appears quite simple, the operation is complicated by many details and
critical factors.
The method is based on the following well-known reaction*

2KI f O i + H O

-- >2K0H + y

02 .

(1)

The iodine produced by this reaction is determined quantitatively by
titration with sodium thiosulfate.

The air sample is made to brush

against the surface of a small quantity of
contained in a small cup.
similar stages.

2% potassium iodide solution

The air then passes through three other

Each stage removes a certain fraction of the ozone

remaining from the previous stage.

Regener derived the expression for

the actual amount of ozone (X) contained in the air sample

if a is the quantity of ozone reacting in the first cup and b is the
quantity reacting in the second cup.
Though only two stages are used in the computation, four stages

Victor H. Regener, Meteorologische Zeitschrift, P.

k59, (1938)

3
are desirable to insure greater accuracy.

In practice, the amounts

measured in the four stages (a, b, £, d) are plotted on semilogarithmic
paper.

The best straight line is drawn through the four points and the

values of a and b are corrected if necessary.
Due to the fact that the liberated iodine tends to be carried
off in the air stream, a small amount of sodium thiosulfate is first
titrated into the potassium iodide solution.
reacts with the iodine to prevent its escape.

The sodium thiosulfate
After the air is drawn

over the potassium iodide and sodium thiosulfate solution, the amount of
the latter not consumed is determined by titration with an iodine solu
tion .

This reaction is the fundamental one in iodimetry.

2

Na 2S 20 ^ 4

I 2 --- >2 Nal +

0^

(3)

Equations (l) and (3) show that one 0^ releases one I 2 which
reacts with two KagSgO^.

It was found convenient to prepare the

sodium thiosulfate solution 2/100 normal and the iodine solution l/lOO
normal.
To find the volume ratio of ozone to air, let

X ~ extrapolated value of volume in mm

3

of iodine

solution used (Eq. 2),
V z volume of sajnple of air in liters of gas,
VQ

Z volume in liters of one gm-mol wt of gas at standard
conditions,

P

Z atmospheric pressure in millibars,

PQ
N

z standard pressure in millibars,

Z normalcy of I 2 *

I

*
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A. EXPOSURE APPARTUS, 1/2 ACTUAL SIZE, JET DIA. 1.5 MM
B TITRATION APPARTUS, NOT TO SCALE, BURETTE DIA.
C. CONSTANT VOLUME PUMP,

FIG. I, MANUAL

3 0 LITERS

0.5 MM

PER STROKE

CHEMICAL METHOD

u

^3 (volume) s IN
Air
“ PV~
P V0

o o

or

°3
Air

(volume) =

2.28 x 10“2 XN
PV

Figure 1 A is a crassertion of the exposure apparatus made
entirely of glass.

When the air sample is caused to brush against the

potassium iodide solution at the velocity of

1.5

9k5 cm/sec through a jet

mm in diameter, It was found that each stage removed approximately

$0% of the ozone content of the incoming air.
velocities produced smaller efficiencies.

Larger jets and smaller

Likewise, large jets and

correspondingly large velocities produced smaller and less consistent
efficiencies.

Smaller efficiencies result in less accuracy since

extrapolation errors are greater.
Uniformity of jet sizes is more important than their exact
dimensions, since the efficiency of each stage is largely dependent upon
the size of the jet.

For the sake of extrapolation the efficiencies of

the various stages should be the same.
The distance of the jet above the liquid level was found to be
critical on an earlier model in which the jets were larger.

This conr*

dition is undesirable since the liquid levels must necessarily change
at different rates due to evaporation.
Evaporation, especially in the first stage, is the source of
another trouble.

The

2% potassium iodide bee canes stronger upon evapora

tion of the water solvent.

An appreciable amount of iodine is found in
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the free state if the potassium iodide solution becomes too concentrat-

2

ed .

This phenonemon was verified by too large readings for the first

stage when evaporation reduced the liquid to a small amount.

This can

be prevented by placing enough liquid in the cups so that the fractional
decrease is not appreciable.

It was found that cups of the size illus

trated held enough solution to accommodate as much as 30 liters of air
of average humidity.
Separate titration burettos are used for the iodine and sodium
thiosulphate solutions.

The arrangement of one set of titration

apparatus is illustrated in Figure 1 B.

The diameter of the burette

should be about 0.5 mm.

If the bore is much smaller capillary action

becomes too pronounced.

The solution is drawn into the burette by

lowering the adjustable mercury reservoir.

To titrate, pressure equiva

lent to about 2 cm. of water indicated on the manometer is placed on
the liquid in the burette.

The liquid does not flow out due to surface

tension at the bottom of the burette.

When this liquid surface is broken

by coming in contact with another surface, the liquid slowly flows out
of the burette.

This permits the titration of much smaller quantities

of liquid than that possible with the ordinary drop method.
Due to the fact that burettes of the size indicated are not
sold by the regular supply houses of scientific equipment, the ones used
were constructed from alcohol thermometers.

The tips were made thin-

walled to decrease the glass surface touching the liquid being titrated.

2

Wallace R. Brode, Dissociation of Potassium Iodide,
American Chemical Society Journal,
1877 (1926)
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6
The scale already etched on the glass was used as a measure of volume.
First, the bore was thoroughly cleaned with standard glass cleaner and
rinsed several times with distilled water.

Then a small slug of mercury

was introduced into the bore by means of a dropping bottle bulb placed
at the top of the burette.

By measuring the scale interval covered and

then weighing the mercury it was possible to determine the volume of
that interval of capillary.

The process was repeated, each time using

larger slugs, until the entire capillary was calibrated.

Each volume

determination was made from the zero point to eliminate cumulative errors
and at the same time allowing for any non-uniformity which might be
present in the bore.
scale reading.

These volume determinations were plotted against

From the smooth curve connecting the points a table was

prepared to be used in actual titration work.
to

This data was tabulated

10“ ^ war.
Extreme care must be taken in the preparation of the chemical

solutions in order to eliminate contamination.

Since the sodium thio

sulphate solution changes less with time than the iodine solution, it
was used to standardize the iodine.

This standardization should be

repeated daily since the strength of the iodine solution changes rapidly
because of evaporation and since each standardization depends somewhat
on the starch solution used as an indicator.

Each standardization

should be made in the presence of the potassium iodide solution since
starch is less sensitive in the presence of water than potassium iodide.
The starch solution may be prepared according to any of several
conventional chemical procedures.

It is recommended that the solution

be about twice as strong as regular preparations in order that a smaller
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7
drop may be used thus changing the volume of the titrated solution as
little as possible.

The excess of iodine needed to produce the blue

color depends on the total volume being titrated.
The potassium iodide solution deteriorates rapidly due to the
action of light or any oxidizing agent such as dissolved air or chlorine.
The deterioration leaves free iodine and the solution takes a reddish
color.

In preparation, the distilled water used should be boiled in

order to expell any dissolved gases.
in the dark.

The solution should be stored

In spite of all precautions, a new preparation is usually

necessary about once a week.

B.

A Study of Automatic Chemical Methods

(1) General Discussion

A continuous automatic method for measuring surface ozone would
greatly facilitate the study of ozone in relation to meteorology.

The

investigations made are based on the same reactions used in Regener *3
chemical method.

The problem involves (a) mixing the air sample with

the potassium iodide solution to attain a complete ozone reaction, (b)
dissolving the released iodine in the potassium iodide solution and,
(c) accurately measuring the iodine in solution.
chambers were tried to accomplish (a) and (b).

Three separate mixing
An electrolytic titration

cell was constructed to accomplish (c).

(2)

Electrolytic Titration Cell

The amount of iodine which is quantitatively released from
potassium iodide by atmospheric ozone is determined by an electrolytic
titration cell making use of a platinized platinum cathode and of a
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platinum anode.

A potential of about .01 volt is applied to the

electrodes -while they are immersed in a

2% solution of potassium iodide.

The resulting current deposits a thin layer of hydrogen on the platinized
cathode.

Thus, the further discharge of positive ions on the cathode is

prevented and the current stops.

If free, neutral iodine is now added

in such a way as to come in contact with the cathode, it will react with
the hydrogen as follows:

I2 + H 2 — > 2KI — * 2H*

21 f

($)

The vacancy thus created by the departing Hg is immediately filled by
the discharge of two H

-f

ions.

The net result of one iodine molecule

coming in contact with the cathode is the transfer of two electrons from
the cathode to the electrolyte and hence to the anode and through the
external circuit.

Thus a current is caused to flow which is proportion

al to the number of neutral iodine molecules which come in contact with
the cathode during each second.

To increase the chance of contact,

the cathode obstructs the flow of the potassium iodide solution which
has previously been brought into intimate contact with air.

This is

indicated at D in Figures 2 and 3.
If the processes are

100% efficient, the following relationship

holds for the electric current which flows through the external circuit
at a given rate of air flow and at a given ozone concentration.

P
Nq

Let

z atmospheric pressure in millibars,
z

number of molecules contained in one gm. mol. wt.,

A - rate of air flow in liters per minute,
V Q z volume of one gm. mol. wt. of gas at standard
conditions, in liters,
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F.

G.

Potassium iodide solution
Stopcock
Fritted f i l t e r mixing chamber
El ectr ol yt i c cell
Recording galvanometer
Variable potential sour ce
Liquid waste

FIGURE
FRITTED

FILTER

MEASUREMENT

2
METHOD
OF

FOR T H E

OZONE

9
?o s standard pressure in millibars,
y z the ratio of ozone to air by volume,
z ~ electrons transported b y each iodine mol.,
i I the current in the external circuit in amperes,
q z charge of one electron in coulombs.
^hen
i = f. ,
»o 7 z
Vo P
ro

p..a

or
y Z M U L
A P

(3)

Mixing Methods

(a)

Fritted Filter

The potassium iodide solution is allowed to drip into the mixing

3
chamber C (Figure 2) at the approximate rate of 100 cnr per hour.
Outside air is pumped through the fritted filter in the upward direction.
The mentioned rate of liquid flow insures the presence of sufficient
potassium iodide for a complete ozone reaction.

The rate of liquid flow,

however, also determines the time required for an equilibrium reading
and thus the time lag in the instrument.
The fritted filter mixer has the advantage of insuring very
intimate contact between air and potassium iodide solution.

The pores

in the filter are of the order of microns in diameter, resulting in very
small air bubbles rising up through the solution.

A disadvantage of the

system used is that a large time lag results from the slow replacement
process in the relatively large mixing chamber.

This may be corrected

in later models by making the liquid volumie in the chamber smaller.
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(b)

Spray Mixer

In order to reduce the time lag noted in the fritted filter
mixer, a spray model (Figure 3) was constructed.
designed as to produce a fine fog.

The spray was so

The rate of flow of potassium

iodide solution was about the same as with the fritted filter.

A

pressure difference of 20 cm. Hg was necessary to produce an efficient
spray with an air flow of approximately 2 liters per minute.

The

liquid from the spray collects at the bottom of chamber B and immedi
ately drains into the electrolytic cell D, making the time lag very
short.
This model appeared to produce free iodine of its own accord
and was soon discarded.

It was tentatively concluded that some of

the iodine ions in the partially dissociated potassium iodide solution
were neutralized by positive charges produced in the course of the
spray formation.
(c) Glass Yfool Mixer
The glass wool mixer (Figure i±) provides contact between
air and solution by allowing both to filter down through a tube
packed with glass wool.

Since there is no accummulation of liquid

the time lag in this model is fairly short.
After seme use it was noted that the top portion of glass
wool becomes discolored with iodine.

Also, ozone readings measured

were only about l/lO their true value, as determined by Regener’s
manual chemical method.

It is believed that these low readings were

caused by the lack of opportunity for the liberated iodine to be
dissolved by the potassium iodide solution and the inefficiency of
reaction

($) in the electrolytic cell.
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CHAPTER III

n
A BRIEF SERIES OF OZONE MEASUREMENTS FROM MAY 17,
191*8 TO MAY 23, 191*8

The manual method described in Chapter I "was used to determine
the concentration of surface ozone at
of six days.

3-hourly

intervals for a period

Glass tubing 2 cm. in diameter was used to conduct the

air samples from the tower of the Administration Building of the
University of New Mexico to the Physics Laboratory.

The air intake

point is about

55 feet

is 5163 feet.

Except for temperature data obtained from a thermograph

above ground level.

The elevation of the campus

on the campus, the weather data used in this study was obtained from
the U. S. Weather Bureau (elevation 5300 feet), located two miles
south of the camp

.

Among other previous work, a study of the ozone concentration
near the earth*s surface was made by R. Auer near Friedrichshafon,
Germany, during September, October, November, and December 1938,
using the same chemical method.
noon and night minima.

This study indicated consistent after

The present study at Albuquerque, New Mexico,

during May, 191*8, while inconclusive, indicates consistent day n-in-sma
and night maxima for the duration of six days.

The average values

obtained in the two studies were of the same order of magnitude.

The

difference in the time of maxima might eventually be explained by the
differences in geographical location, season, and local topography,
as outlined below.
The ozone measurements were made at the beginning of the
thunderstorm season at Albuquerque* when the thermal low first
began to appear over Arizona and New Mexico.

This was accentuated

12
by frontal activity in this region accompanied by more thunderstorm
activity than normal.

Thermal circulation might explain the night

maximum of surface ozone concentration.

At this early part of the

season, the thermal low, which is weak during the day, almost dis
appears completely in the course of the night.

An examination of

the upper air charts prepared at the U. S. Weather Bureau Station
showed for the period in question, as a general feature, a trough or
region of convergence near the surface at the

8:00

changing to a ridge of high pressure at about

13,000

surface.

p.m. sounding,
feet above the

The evening of May 18th is the only exception.

These fea

tures usually completely disappeared by the 8:00 a.m. sounding.

The

size of the thermal circulation cell was usually of the order of
magnitude of 10^ square miles.

The circulation, consisting of ascend

ing motion near the center of the cell, divergence aloft, subsidence
at the edges, and convergence near the surface, should tend to bring
air from upper levels to Albuquerque, which is situated near the center
of the cell.

The surface ozone maximum will then occur several hours

after the time of maximum diurnal heating, the actual time lag depending
upon the strength and extent of the cell.

Although not essential for

the process, the presence of cumulus clouds and thunderstorm activity
would intensify the thermal flow pattern by the release of the latent
heat of condensation.
Since the subsiding air will be warmer than the surface air due
to adiabatic heating, the convergence of this air at lower levels should
show up as warm air advection at these levels.

As will be seen, this

was true in general for the periods from sundown to midnight.
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U. S. Weather Burear surface charts were used to determine the
types of air masses and the general circulation.

Surface winds and

temperatures, clouds^, precipitation, and visibility were plotted along
with the ozone measurements.

Upper wind data were also found to be of

particular interest.
By a method introduced by Robert D. Fletcher^4* the advective
temperature tendencies were computed and plotted (Figure 8) using the
upper wind data.

Using the slopes of the curves drawn in Figure 8,

the average stability tendencies from 9 *OQD to 15*000 feet were computed
and recorded in Figure 9*

This method does not consider the temperature

tendencies due to vertical motions, convergence and divergence, radiation,
evaporation and condensation*

These computations are not intended to

show the degree nor likelihood of instability, but to furnish clues
regarding the circulation existing during and after the periods of
thermal circulation.
The following is an attempt at an analysis of the measurements
as plotted on the graphs presented herewithin.

The concentration of

ozone is given in terms of the volume ratio of ozone to air.

On a

separate sheet, advective temperature tendencies are plotted.
May 17* 19U8 (Figure 5)
In the vicinity of Albuquerque continental polar air was
replaced on May 17th by continental tropical air.

The general

^The weather code can be found in Circular M* U. S. Weather
Bureau publication.
^Bulletin American Meteorological Society, Niov. 19U2, Vol. 23*
pg. 351*

iu
circulation pattern was fairly weak.

The effect of the air mass change

cannot be detected in the ozone record (probably because the original
continental polar air was quite shallow).

The cumulus clouds which later

developed into thunderstorms began forming at 1100; however, no appreci
able rise in ozone was detected until 1800, and the maximum was not
reached until 0100 the next day.

At 11*00 a slight advection of cold air

below cloud height and warm air above cloud height is indicated.

At

2000 the surface temperature had fallen appreciably and the advection
of warm air is indicated to a height of 16,000 feet above the surface.
May 18,

19)48

(Figure $)

Maximum ozone was measured at 0100.

At 0200 warm air advection

below 10,000 feet and cold air above is indicated.

This tendency toward

instability did not produce thunderstorms; however it does indicate the
filling of the thermal low with air which has recently subsided from
aloft and can therefore be rich in ozone.
tendency existed.

At 0800 the same temperature

This condition is unique in the six day period.

0730 ozone reading is correspondingly high for this time of day.

The
A

little later in the morning, surface heating began and the surface wind
rose sharply.

The general circulation pattern became stronger by the

presence of a low trough in the vicinity.
layers was computed.

The turbulence in the lower

In spite of this tendency toward stability, rain

showers were observed in the vicinity.

The 2000 wind data indicate the

same tendency to a lesser degree and the ozone value remained low.
May 19, 19^8 (Figure 6)
The 0200 wind data indicate unusually high winds to the limit of
the sounding, about 12,000 feet above ground.

The general circulation

pattern continued fairly strong by the presence of a low trough.

Al

though no change in direction with altitude was detected, there was
probably considerable turbulence due to surface friction and air
viscosity.

A comparatively low maximum in ozone was observed at 0330.

A second maximum ozone value was observed on this day approximately
12 hours after the first formation of cumulus clouds.

The inflow of

warm air at low elevations was accompanied with the maximum reading.
May 20, 19U8 (Figure

6)

The warm air advection in the lower layers persisted on the
0200 observation and the ozone remained fairly high.

The general

circulation pattern weakened by the dissipation of the low trough.
Nine hours after the appearance of the first cumulus, the maximum ozone
reading was obtained.

This maximum at 1900 was the highest of the six

day period and it was accompanied at

2000

by the most pronounced ad—

vection of warm air in the lower elevations which was computed for the
period.
May 21, 19ii8 (Figure 7)
At 0200 the warm advection had decreased in intensity and the
ozone concentration had begun to decline.
The general circulation intensity continued to diminish. The
ozone data on this date is incomplete, but by extrapolation the maximum
probably occurred about

2000,

the time of the strongest warm air ad

vection in the lower layers.
May 22 and 23, 19l|8 (Figure 7)
By 0200 the ozone value had fallen appreciably and the advection
of cold air in the lower layers had begun.
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The general circulation continued weak on this day.

Thunder-

storm activity was almost completely absent and the circulation
produced by surface heating was reduced.

The advection pattern noted

on the previous days was much reduced in intensity.

The increase in

ozone which began as early as lltOO may be accounted for partly on the
basis of the inflow of maritime polar air.
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CHAPTER IV
SUMMARY

The theory and details of construction of Regener*s manual
chemical method for the determination of ozone are presented for the
first time in English.

The techniques learned from the operation of

the method are also presented.

Three attempts were made to devise an

automatic method based on the same chemical reaction and the principle
of the polarized electrolytic coll.

The progress made was of an ex

ploratory nature.
With the assistance of Messrs. Lewis Kaplan and Fred Martens,
a series of manual measurements were made extending over a period of
one week.

These measurements show night maxima and day minima of ozone.

This contrasts with previous German investigations indicating night
minima and day maxima j the explanation of the day maxima was vertical
transport of ozone rich air from aloft by the mechanism of turbulence
caused by surface heating.

In the present investigation it is evident

that the surface turbulence did not extend into regions richer in ozone
since the maximum concentrations occurred, in general, several hours
after the period of turbulence.

By means of computed advective temp

erature tendencies and other meteorological evidence it may be that
these delayed maxima could be explained on the basis of the thermal
cell circulation pattern.
Further investigations of surface ozone might well include the
study of atmospheric flow patterns determined by crossections indicating
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18
isobars, isotherms, and isentropic surfaces^.

Radiosonde data taken

by the U. S. Weather Bureau could be used for a study of this kind
provided the circulation considered covered an area large enough to
include several Radiosonde stations.
This study of six days, while not conclusive due to its short
duration, serves to indicate the possibilities of using surface ozone
measurements as a tool in the investigation of atmospheric circulation.
To make a more complete study of the problem one should have data from
a network of surface recording stations.

In addition frequent ozone

soundings into the upper atmosphere would be of great value.

5

H. R. Byers, General Meteorology, pg. 11*3, 217.
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